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Abstract

Emerging evidence indicates that the etiologic agent responsible for coronavirus disease 2019 (COVID-19), can cause neu-
rological complications. COVID-19 may induce cognitive impairment through multiple mechanisms. The aim of the present
study was to describe the possible neuropsychological and metabolic neuroimaging consequences of COVID-19 12 months
after patients’ hospital discharge. We retrospectively recruited 7 patients (age [mean + SD] =56 years +12.39, 4 men) who had
been hospitalized for COVID-19 with persistent neuropsychological deficits 12 months after hospital discharge. All patients
underwent cognitive assessment and brain ("*F-FDG) PET/CT, and one also underwent '®F-amyloid PET/CT. Of the seven
patients studied, four had normal glucose metabolism in the brain. Three patients showed various brain hypometabolism
patterns: (1) unilateral left temporal mesial area hypometabolism; (2) pontine involvement; and (3) bilateral prefrontal area
abnormalities with asymmetric parietal impairment. The patient who showed the most widespread glucose hypometabolism
in the brain underwent an 'F-amyloid PET/CT to assess the presence of AP plaques. This examination showed significant
Ap deposition in the superior and middle frontal cortex, and in the posterior cingulate cortex extending mildly in the rostral
and caudal anterior cingulate areas. Although some other reports have already suggested that brain hypometabolism may be
associated with cognitive impairment at shorter intervals from SarsCov-2 infection, our study is the first to assess cognitive
functions, brain metabolic activity and in a patient also amyloid PET one year after COVID-19, demonstrating that cerebral
effects of COVID-19 can largely outlast the acute phase of the disease and even be followed by amyloid deposition.
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Introduction

SarsCov-2 infection typically induces respiratory symp-
toms. Emerging evidence indicates that the etiologic agent

Roberta Ferrucci and Luca Tagliabue contributed equally to the responsible for coronavirus disease 2019 (COVID-19), can
work, cause neurological complications. [1]. Other Coronaviruses
54 Alberto Priori can be linked to neurological symptoms with impairment in

alberto.priori @unimi.it sensory, motor and cognitive functions [2—4]. Although sev-

eral pathological mechanisms could be involved in COVID
19 cognitive impairment [5], its pathophysiology remains
unknown [6]. Patients with acute COVID-19 often develop,
dyspnea, hypoxia, respiratory failure, and multiorgan dys-
function [7]. Conditions such as hypoxia or vascular coagu-
lopathy can contribute to neuronal damage, and neuroin-
flammation can compromise the brain-blood barrier thereby
increasing central nervous system cytokine levels, thus caus-
ing microglial activation and oxidative stress, eventually
leading to cognitive impairment [5, 8—10]. The cognitive
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consequences of COVID-19 include impairment in multi-
ple cognitive domains, such as executive functions, process-
ing speed, memory, and language [4, 11-14]. COVID-19
symptoms can last several months after hospitalization, as
described in the long COVID syndrome [15]. In our previ-
ous study [16] we showed that cognitive impairment can
persist after 1 year. In patients with persisting cognitive
impairment, more detailed information is needed on how
COVID-19 progresses in the long-term. To complement
clinical and neuropsychological findings, brain '3F-fluorode-
oxy-glucose positron emission tomography (FDG-PET) is a
sensitive neuroimaging technique that can detect brain func-
tion related to cognitive function [17]. Evidence obtained in
recent years indicates that brain hypometabolism patterns
and cognitive impairment are associated in patients after a
maximum of 6 months after the COVID-19 onset [12, 18].

In this study, we present cognitive and brain PET data
from 7 patients to describe the possible neuropsychological
and metabolic neuroimaging consequences of COVID-19
12 months after hospital discharge. We also report for the
first time the findings obtained in one patient with '®F-amy-
loid PET/CT.

Materials and methods

We retrospectively recruited 7 patients (age
[mean + SD] =56years + 12.39, 4 men) who had been
hospitalized for COVID-19 between February and April
2020, in the ASST Santi Paolo e Carlo university hospi-
tals, in Milan, Italy, and in whom neuropsychological defi-
cits persisted 12 months after hospital discharge. Patients
underwent neuropsychological assessments 5 months (T1;
158 days +45.24) and 12 months (T2; 363 days+72.21)
after hospital discharge using the Brief Repeatable Battery
of Neuropsychological Tests (BRB-NT) [19]. Patients who
did not meet criteria for a diagnosis of dementia but show-
ing persisting deficit in at least one of the BRB-NT battery

at T2 were eligible for the participation in the study. All
patients showed clinical deficits in at least two cognitive
tests in the BRB-NT battery at T1 and in one cognitive test
at T2. The deficit was defined by a score of two standard
deviations below the normative means, corrected according
to the patient’s age and education level. The main deficits
persisted at T2 were in the domains of verbal memory, pro-
cessing and visual attention and visuospatial memory. None
of the patients had neurological or psychiatric conditions
that could account for the persistence of cognitive deficit at
T2. None of the patients had diabetes or metabolic disorder
which could interfere with neuropsychological performance
measured by the BRB-NT battery. None of the patients had
history of neuropsychological or psychiatric disorders previ-
ous to Sars-Cov-2 infection as reported by clinical records.

We also assessed depressive symptoms with Beck
Depression Inventory-1I (BDI-II) [20].

Demographic and clinical data were collected to describe
patients’ features and their clinical course (Table 1). All par-
ticipants provided written informed consent to participate in
the study. All patients met the eligibility criteria for brain
BE_FDG PET/CT, in accordance with the European guide-
lines protocol [21, 22], and were evaluated at T2.

'8F-FDG PET/CT imaging

PET/CT scans were obtained according to the European
procedure guidelines [21, 22]. Patients fasted for a mini-
mum of 6 h and blood glucose levels were checked as below
200 mg/dl [23] before intravenously injecting 3.7 MBq/kg
of BF-FDG. 8F-FDG was administered in a quiet room,
with diminished lighting and at least 10 min after the intra-
venous access was placed. No patient required sedation.
PET/CT images were acquired about 30 to 45 min after the
injection. A Discovery STE (GE Healthcare, Pewaukee, W1,
USA) scanner was used for PET/CT imaging; images were
acquired with a 256 X 256 matrix; scans lasted 15 min per

Table 1 Sociodemographic

.. F Subjects  Sex  Age (years) Hospitalization  Oxygen therapy  P/Fratio  Hyposmia/Dysgeusia

and chmf:al chafacterlstl.c.s of duration (days)

the 7 patients with cognitive

impairment one year after 1 F 58 23 NIV 305 Hyposmia/Dysgeusia

COVID-19 2 M 50 6 NIV Hyposmia/Dysgeusia
3 M 65 8 None 329 Hyposmia
4 M 55 4 Low-flow 324 None
5 F 56 8 Low-flow 275 Hyposmia/Dysgeusia
6 F 54 11 Low-flow 333 Hyposmia/Dysgeusia
7 M 55 5 Low-flow 329 Hyposmia/Dysgeusia

M male, F female, P/F ratio PaO2/FiO2 ratio, NIV non-invasive ventilation
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bed Images were assessed by two nuclear medicine physi-
cians, blinded to clinical information.

Images were reviewed and analyzed using Advantage
Workstation (GE Healthcare) with dedicated clinical soft-
ware (CortexID Suite). The reference region chosen for nor-
malizing image intensity was the cerebellum.

PET/CT images were first evaluated qualitatively, search-
ing for decreased or abnormal areas of FDG uptake and,
eventually, their corresponding anatomic alterations in CT
slices. Subsequently, we also analyzed data quantitatively.
The regional glucose metabolic rate was estimated, and
the entity of pathological findings was compared with data
from age-matched normal controls. Data were quantified as
deviations from normal values (Z-scores) and anatomically
adjusted regions of interest.

Results were interpreted along with the visual inspec-
tion and were considered abnormal if they were >2 Z-scores
below normative data obtained from healthy age-matched
controls.

Presented data were obtained through a comparison of
our population with normal databases for FDG PET imag-
ing. The comparison was performed using an imaging soft-
ware (GE CortexID Suite software), that has been developed
to aid physicians in the evaluation of patient pathologies via
assessment and quantification of PET brain scans [24]. The
software aids in the assessment of human brain PET scans
enabling automated analysis through quantification of tracer
uptake and comparison with the corresponding tracer uptake
in normal subjects.

The resulting quantification is presented using 3D ste-
reotactic surface projection maps of the brain, allowing
the generation of information regarding relative changes in
PET-FDG glucose metabolism. The demographic character-
istics of the control groups are not reported, as they come
from large databases, collected by the software provider.
The’normal” database for glucose tracer is obtained from a
population of > 250 subjects.

18F-amyloid PET/CT

PET/CT scans were acquired following the Society of
Nuclear Medicine and Molecular Imaging (SNMMI) prac-
tice guidelines [25]. No specific patient preparation nor drug
withdrawal was required. '3F-flutemetamol was injected
using a short intravenous catheter to minimize eventual
adsorption of radiopharmaceutical adsorption to the cath-
eter. 185 MBq (5 mCi) radiotracer was administered as a
single i.v. slow bolus (approximately 40 s) in a total maxi-
mum 10 mL volume, followed by a 5-10 mL 0.9% sterile
sodium chloride flush to ensure full dose delivery. Sedation
was not required. PET/CT images were acquired approx-
imately 90 min after the injection. PET/CT images were

acquired with a Discovery STE (GE Healthcare, Pewaukee,
WI, USA) scanner using a 256 X 256 matrix; scans lasted
20 min per bed. Images were assessed by two nuclear medi-
cine physicians, trained and certified to interpret and report
on amyloid-PET scans. Both nuclear medicine physicians
were blinded to clinical information.

Neither the Centiloid method, nor other semi-quantitative
analysis, were applied.

18F-flutemetamol PET/CT was performed in a clinical
setting, therefore the scans were assessed only qualitatively,
since it is the only approved method for the assessment
of amyloid pathology for supporting diagnosis using PET
images.

Images visual read was performed as described in the
product label of amyloid PET tracer.

To this end, visual read has been validated against neuro-
pathological determinations of amyloid burden [26].

Images were reviewed and analyzed using Advantage
Workstation (GE Healthcare). Imaging quality was assessed
using pons uptake as a reference region for normalizing
intensity. Qualitative data were acquired by searching for
an area of increased or abnormal '®F-amyloid uptake. Phy-
sicians assessed the presence of anatomic alterations and
cerebral atrophy in CT slices.

Results
Study population

Our study population mainly comprised men patients
(4/7); the mean age was 56 + 12.39 (mean + SD) years
and most participants (n=135) had at least 8 years educa-
tion. On average, patients were hospitalized for 12 days
(12+7.81), and the mean viral clearance time was about
1 month (28 +6.80 days). No patients during COVID 19
had severe acute respiratory distress syndrome ARDS (P/F
ratio < 100) [28], and only 1 experienced mild ARDS (P/F
ratio 200-300).

At T1, 6 of our 7 patients reported hyposmia or dysgeu-
sia, and 5 of them reported experiencing both symptoms.
At T2, no patient-reported hyposmia, whereas two reported
dysgeusia. Only one patient showed symptoms of clinical
depression by scoring 32 on BDI at T1 and 39 at T2 (severe:
score >29).

Neuropsychological assessment
AtT1, 6/7 patients (86%) showed main impairment in verbal
memory, processing speed, and visual attention; 5/7 patients

(71%) showed impairment in visuospatial learning and 4/7
(57%) delayed visuospatial recall.
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At T2, patients’ visuospatial learning had completely
recovered, but 5/7 still presented verbal memory deficits
(71%, 3 with stable profile, 1 worsened and 1 improved),
4/7 patients still exhibited processing and visual attention
deficits (57%, all improved), 2/7 still had attention deficits
(28%, both worsened), and 3/7 patients still had visual-spa-
tial memory deficits (43%, 2 with a stable profile, 1 wors-
ened). In one patient only, the verbal fluency deficit persisted
(Table 2).

The Spearman test used to evaluate a possible correla-
tion between demographic (age, gender, education), clinical
characteristics (viral clearance time, days of hospitalization,
duration of disease) and cognitive test showed a negative
correlation between viral clearance time (in days) and
SRT-LTS [r(7)=- 0.886 p=0.019; SRT-D r (7)=— 0.820
p=0.046]. We also found a negative correlation between
days of hospitalization and SRT-CLTR r(7)=0.757
p=0.049 and with WLG r(7)=—0.811 p=0.027, indicating
that a longer infection duration and hospitalization affects
cognitive performance.

18E_FDG PET/CT

Deviation from normal values (Z-score) was deemed either
statistically significant or non-significant with a cut-off -2.0.

Descriptively, we observed the lowest mean Z-scores
(mean [min.; max.]) bilaterally in the prefrontal medial
areas (right=— 0.72 [— 2.27;+0.32]; left=— 0.59
[— 2.12;40.25]) and temporal mesial areas (right=— 0.50
[— 1.69;+0.89]; left=— 0.74 [— 2.85;+0.73]). Nega-
tive mean Z-scores were also observed bilaterally in
lateral temporal areas (right=— 0.24 [— 1.61;+0.75];
left=— 0.42 [— 1.61;+0.75]), in the posterior cingu-
late area (right=— 0.39 [— 2.00; + 0.42]; left=— 0.21
[- 1.95;4+0.66]), and in the precuneus (right=— 0.32

[—2.23;4+0.51]; left=— 0.15 [ 2.18;+0.99]) (Table 3).
Using a cut-off of -2.0 SD, of the seven patients, four (57%)
had normal glucose cerebral metabolism (Fig. 1), whereas
three patients had abnormal findings. Because none of the
patients presented morphological features that could explain
the deficient tracer uptake the findings were deemed to indi-
cate regions of cortical hypometabolism.

One patient’s scan showed significant frontal hypome-
tabolism, associated with asymmetric parietal impairment
and bilateral precuneus involvement, one patient presented
pontine region involvement, and the last pathologic finding
was a limited but significant hypometabolism, unilaterally
localized in the left mesial temporal cortex (Fig. 2). Because
this last patient presented the most severe glucose metabo-
lism impairment, he was further evaluated with 18F-amyloid
PET/CT. The following paragraph reports his clinical history
and management.

'8F-amyloid PET/CT case presentation

A 65-year-old man in our sample was hospitalized for a
clinical syndrome suggesting COVID-19. He had no his-
tory of behavioral or cognitive impairment. After discharge,
neurocognitive assessment revealed a Montreal Cognitive
Assessment test of 26.11/30 at T1 and 23.11/30 at T2.
Neuropsychological assessment at T1 disclosed a deficit
in SPART (10.62), SDMT (29.53), SPART-D (3.56) and
SRT-D (4.88), whereas at T2 SDMT (37.53), SRT-D (4.88)
and WLG (14.88), showed that processing speed and verbal
memory were still impaired one year after hospital discharge
and verbal fluency had even worsened.

The patient also had depressive symptoms: BDI-II=11
at T1 indicating minimal symptoms, and BDI-II=20 at T2
indicating moderate symptoms. Because clinical assessment
suggested a progressive neurocognitive impairment, the

Table 2 Results of the cognitive assessments at 5 (T1) and 12 (T2) months after COVID-19

Subjects

SRT-LTS

cut-off >23.3

SRT-CLTR

(cut-

off >15.5)

SPART
(cut-
off >12

T

SDMT
(cut-

off >37.9)

PASAT-3

(cut-

off >28.4)

PASAT-2

(cut-

off>17.01)

SRT-D

(cut-

off >4.9)

SPART-D

(cut-

off >3.6)

WLG
(cut-

off >17.0)

T1

T2

Tl

T2

Tl

T2

Tl

T2

T1

T2

Tl

T2

T1

T2

Tl

T2

T1

T2

27.55
29.16
35.17
25.16
19.55
30.17
31.16

~N O AW N -

18.55
34.16
26.17
46.16

2.55
41.17
36.16

591
23.07
23.78
19.07
12.91
24.78
17.07

391
34.07
19.78
38.07

1.91
23.78
27.07

10.31
11.78
10.62
10.78
14.31
11.62
16.78

12.31
17.78
20.62
17.78

5.31
15.62
19.78

24.27
37.38
29.53
27.38
30.27
40.53
34.38

30.27
36.38
37.53
35.38
39.27
45.53
45.38

16.19
47.98
51.47
36.98
41.19
21.47
51.98

14.19
48.98
51.47
36.98
45.19
2247
55.98

13.87
37.33
26.91
31.33
27.87
1591
33.33

6.87
39.33
28.91
28.33
27.87
14.91
36.33

3.08
7.88
4.88
4.88
3.08
4.88
1.88

3.08
4.88
4.88
6.88
3.08
5.88
4.88

4.41
1.92
3.56
3.92
3.41
3.56
4.92

5.41
7.92
5.56
292
3.41
3.56
5.92

22.88
34.12
26.12
30.12
24.88
17.88
27.12

21.88
27.12
30.12
34.12
24.88
14.88
29.12

SRT-LTS serial recall test long term storage, SRT-CLTR serial recall test consistent long-term retrieval, SPART spatial recall test, SDMT symbol
digit modalities test, PASAT-2 paced serial additions test (2 s interval), PASAT-3 paced serial addition test (3 s interval), SRT-D serial recall test
delayed recall, SPART-D spatial recall test delayed, WLG word list generation. Data shown in bold represent scores below the test cut-off
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Table 3 Z-score values for each

. > : Brain area 1 2 3 4 5 6 7 Mean SD

cortical reglon per patler.lt. Data (58.F) (50.M) (65.M) (55.M) (56.F) (54.F) (55.M)

were acquired by analyzing

semi-quantitative data on '*F- Right lateral prefrontal 051 101 028 —0.89 123 =222 -073 -0.12 123

FDG PET/CT imaging Left lateral prefrontal 043 119 027 —061 065 —230 —073 —0.16 116
Right prefrontal medial 0.09 032 -109 -093 -023 -227 -09 -0.72 0.88
Left prefrontal medial 002 025 -085 -0.78 008 —212 =076 -0.59 0.82
Right sensorimotor 0.37 1.05 095 -0.64 0.82 —1.73 0.22 0.15 1.01
Left sensorimotor 0.06 0.80 0.16 —-0.35 0.62 —1.98 0.70 0.00  0.96
Right anterior cingulate 1.08 0.63 —-0.83 —-0.02 0.61 —0.64 048 0.19 0.71
Left anterior cingulate 0.83 0.69 —-043 021 0.54 -0.63 021 020  0.55
Right posterior cingulate 0.42 020 -048 -0.99 020 —2.00 -0.10 -0.39 0.86
Left posterior cingulate 0.58 066 —-0.09 —-0.68 036 —195 -032 -0.21 091
Right precuneus 0.51 0.19 022 -1.04 043 -223 -032 -032 1.00
Left precuneus 0.55 0.99 0.00 -0.69 038 —2.18 —-0.07 -0.15 1.04
Right superior parietal 1.06 —0.04 052 —0.49 0.58 —1.46 0.76 0.13  0.87
Left superior parietal 094 -013 -078 —-050 —-0.02 —225 149 -0.18 1.21
Right inferior parietal 1.17 040 -021 -1.11 1.04 —1.69 —023 -0.09 1.06
Left inferior parietal 055 061 -067 —0.64 098 —2.13 —-021 -0.22 1.06
Right lateral occipital 1.42 1.32 0.66 —0.04 1.32 - 1.67 0.61 052 1.10
Left lateral occipital 1.27 1.23 0.60 0.18 1.37 - 1.75 097 0.55 1.10
Right primary visual 2.60 1.70 1.39 0.00 075 —1.74 2.73 1.06  1.57
Left primary visual 2.04 1.44 1.00 —0.23 1.27 —1.81 244 0.88 1.46
Right lateral temporal 035 065 -045 -0.97 099 —1.61 —-0.67 -024 094
Left lateral temporal -010 049 -1.11 -072 075 —1.61 —-0.62 -042 085
Right temporal mesial 002 089 -169 -0.81 0.02 —-058 —-133 -0.50 0.88
Left temporal mesial - 041 073 -285 -0.72 0.09 —093 —-107 -0.74 1.12
Pons -213 268 -183 -054 0.71 025  0.16 -0.10 1.63

Patients” quantified uptake was compared with reference values obtained from healthy age-matched con-
trols. Deviation from normal values was deemed either statistically significant or non-significant using a -2

SD cut-off

patient was referred to the Nuclear Medicine Unit to assess
his brain glucose metabolism status, using '*F- FDG PET/
CT. Scans (Fig. 3, Table 4) showed a significant reduction
in FDG uptake in the left mesial temporal cortex. Owing
to the severe hypometabolism despite its limited extension,
the "®F-FDG PET/CT scan was reported as inconclusive,
because it failed to identify a typical hypometabolic pattern
and diagnose neurodegenerative disease. The patient there-
fore underwent an '®F-amyloid PET/CT scan to check for
AB plaques. '3F-flutemetamol PET/CT showed significant
AP deposition in the superior and middle frontal cortex, in
the posterior cingulate (Fig. 4), and, to a lesser extent, in the
rostral and caudal anterior cingulate areas. At 1-year follow-
up, the patient remained neuropsychologically stable without
receiving acetylcholinesterase inhibitors.

Discussion

Our findings confirm that cognitive abnormalities can
detect 12 months after patients have COVID-19 and in
many cases (42.8% in our sample) these are associated
with abnormal brain metabolism. Brain hypometabolism
patterns differed, and selectively involved the left temporal
mesial area, pontine area, and bilaterally the prefrontal
and parietal areas. In all patients, neuropsychological tests
to check for cognitive deficits improved slightly, but at
least one cognitive test in the BRB-NT battery remained
deficient. Although some other studies conducted at
shorter intervals after SarsCov-2 infection have reported
brain hypometabolism may be associated with cognitive
impairment, in our study we assessed cognitive functions
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Fig. 1. '8F-FDG PET/CT elaboration using dedicated clinical soft-
ware (CortexID Suite — GE Healthcare). The cerebellum was chosen
as the reference region for intensity normalization. The table on the
right reports the regional quantitative results: it shows the quantifica-
tion of radiopharmaceutical uptake in the patient (left column). and
its value assessed in terms of deviations from normal (Z-scores) (right

and brain metabolic activity 1 year after COVID-19, thus
demonstrating that cerebral effects can largely outlast the
acute phase of disease. In a study enrolling 29 COVID-
19 patients in the subacute stage of disease (from two to
five weeks after the onset), Hosp et al. [12] included sub-
jects without a history of cognitive deficit or degenerative
disease. Most of them showed altered taste or smell or
both, Montreal Cognitive Assessment (MoCA) perfor-
mance was impaired in 18/26 patients and '*FDG-PET
disclosed pathological results in 10/15 patients with pre-
dominant frontoparietal hypometabolism [12]. The same

@ Springer

column). The patient presented normal glucose cerebral metabolism
(Patient number 2). The upper panel shows the 3D SSP map of FDG
uptake in the specific patient (Sokoloff scale reported on the left).
The lower panel is a 3D-SSP Z-score image that shows no significant
deviation from normal group

authors prospectively assessed the MoCA and '*FDG-PET
scans for 8 of COVID-19 patients at a chronic stage of
infection (6 months after the onset) and reported a sig-
nificant reduction in the initial frontoparietal and, to a
lesser extent, temporal hypometabolism that correlated
inversely with MoCA performance [18]. In their report,
Guedj et al. [2], described brain 'F-FDG PET hypome-
tabolism in 35 patients at least 3 weeks after initial infec-
tion. Compared with healthy subjects, the patients showed
hypometabolism in the bilateral orbital gyrus, includ-
ing the olfactory gyrus, and in the connected structures
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Fig.2. '8F-FDG PET/CT elaboration using dedicated clinical soft-
ware (CortexID Suite — GE Healthcare). The cerebellum was cho-
sen as the reference region for intensity normalization. The table on
the right reports the quantification of radiopharmaceutical uptake.
assessed in terms of deviations from normal values (Z-scores) in spe-
cific regions of interest. As shown by the table. the patient (Patient
number 1) presented a hypometabolic pontine area. with a Z-score

in the medial temporal lobe, brainstem, and cerebellum
[2]. Kas et al. [3] reported widespread hypometabolism
in COVID patients including the frontal cortex, anterior
cingulate, insula, and caudate nucleus in the subacute
phase (1 month), which partially improved at 6 months,
although prefrontal, insular and subcortical abnormali-
ties persisted [3]. We collected neuropsychological data
until one year after the onset of neurological symptoms,
correlating them with FDG-PET findings and even ana-
lyzing the brain A deposition via '®F-amyloid PET/CT
in one case. Our results support the proposed correlation

Reference Region Cerebellum - whole
Cortical region [ Patient | z-score
Prefrontal Lateral R 1,36 0,51
Prefrontal Lateral L [136 043
Prefrontal Medial R I 1,21 '0,09
Prefrontal Medial L [121 [o02

Sensorimotor R [128 037

Sensorimotor L [126 |oo06
Anterior Cingulate R [1,23 1,08
Anterior Cingulate L [ 1,19 |083

Posterior Cingulate R 145 |042

Posterior Cingulate L [147 |oss
Precuneus R (145 [o51
PrecuneusL (1,44 [0,55
Parietal Superior R
Parietal Superior L
Parietal Inferior R
Parietal inferior L
Occipital Lateral R
Occipital Lateral L
Primary Visual R
Primary Visual L
Temporal Lateral R
Temporal Lateral L
Temporal Mesial R
Temporal Mesial L
Cerebellum Whole ]1,?\ 7
Pons [o70 213

value of — 2.13 compared to healthy age-matched controls. The
images panels show. from left to right. the axial. Coronal and sagiptal
views; and from top to bottom PET/CT co-registration images.
PET-only images and CT-only images. PET images are depicted in
Sokoloff scale. The cursor (and the red arrow in the upper middle
panel) points on the pontine pathologic area

between brain hypometabolism and lasting cognitive defi-
cits in COVID-19 patients one year after the infection. We
found a heterogeneous pattern of abnormalities variably
affecting prefrontal, temporal-mesial, parietal and pontine
areas, those more affected during SARS-CoV-2 [27-29]
infection. However, in our sample not all patients who
had cognitive deficits showed hypometabolism as meas-
ured by FDG-PET. This result are similar to findings from
other authors [30] showing cognitive impairment without
significant decline in FDG-PET metabolism [31] Moni-
toring the advancement of hypometabolism in the brain
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Fig. 3. '8F-FDG PET/CT elaboration using dedicated clinical soft-
ware (CortexID Suite — GE Healthcare). The cerebellum was cho-
sen as the reference region for intensity normalization. The table on
the right reports the quantification of radiopharmaceutical uptake.
assessed in terms of deviations from normal values (Z-scores) in spe-
cific regions of interest. As shown by the table. The patient (Patient
number 3) presented a significant hypometabolism in the left tempo-

with PET in case of persistent cognitive decline could help
to discriminate between dementia and reversible cogni-
tive impairment due to acute COVID infection [32]. To
date no published study has used an '®F-amyloid PET/CT
scan after COVID-19. In our study, one patient, due to the
severe hypometabolism, underwent an '®F-amyloid PET/
CT that showed significant AP deposition in the superior
and middle frontal cortex, in the posterior cingulate areas,
and, to a lesser extent, in the rostral and caudal anterior
cingulate cortices.

@ Springer
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ral mesial area. with a Z-score value of — 2.85. compared to healthy
age-matched controls. The upper panel shows the 3D SSP map of
FDG uptake in the specific patient (Sokoloff scale reported on the
left). The lower panel is a 3D-SSP z-score image that shows a signifi-
cant deviation from age-matched controls in the left temporal mesial
area (the golden-brown area pointed by the blue arrow)

There is an association between neurodegenerative pro-
teinopathies and neuroinfections [33]. Infectious agents,
like viruses, could be involved in the pathogenesis of Alz-
heimer’s disease [34]. They might be able to evade the host
immune system leading to chronic infection, inflammation,
and subsequent AP and phosphorylated-tau deposition in
the brain. [33]

Strong evidence suggests a potential SarsCov-2 role
in the pathogenesis of neurological injury, as the results
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Table 4 Quantification of radiopharmaceutical uptake of '*F-FDG
PET/CT

Brain area Radiopharmaceutical ~ Z-scores
uptake
Right lateral prefrontal 1.29 0.28
Left lateral prefrontal 1.28 0.27
Right prefrontal medial 1.06 - 1.09
Left prefrontal medial 1.08 - 0.85
Right sensorimotor 1.30 0.95
Left sensorimotor 1.22 0.16
Right anterior cingulate 0.96 -0.83
Left anterior cingulate 1.00 —-0.43
Right posterior cingulate 1.28 -0.48
Left posterior cingulate 1.32 -0.09
Right precuneus 1.37 0.22
Left precuneus 1.32 0.00
Right superior parietal 1.25 0.52
Left superior parietal 1.06 —-0.78
Right inferior parietal 1.20 -0.21
Left inferior parietal 1.14 - 0.67
Right lateral occipital 1.35 0.66
Left lateral occipital 1.33 0.60
Right primary visual 1.56 1.39
Left primary visual 1.51 1.00
Right lateral temporal 1.07 - 045
Left lateral temporal 1.01 —1.11
Right temporal mesial 0.75 - 1.69
Left temporal mesial 0.69 —-2.85
Pons 0.72 - 1.83

BE.FDG PET/CT. assessed in terms of deviations from normal val-
ues (Z-scores) in specific regions of interest. The left temporal mesial
cortex shows a significant reduction in FDG uptake. Data elaborated
using dedicated clinical software (CortexID Suite — GE Healthcare)

from UK Biobank imply [35]. They support evidence that
limbic brain imaging damage may be the in vivo hallmark
indicating degenerative disease spread through olfactory
pathways, or neuroinflammatory events. On the same line,
Ciaccio et al. [36] suggest that a disrupted blood—brain
barrier (BBB) may support the SarsCov-2 neuroinvasion.
Thus, the elderly could be more susceptible to neuroinva-
sion during infection, leading to the development of neuro-
degenerative diseases, including Alzheimer’s disease [36].

Several studies have established a causal relationship
between inflammatory state and neurodegeneration. The

link appears to be based on microglial activation, leading to
the production of pro-inflammatory cytokines (IL-1f, IL-6,
TNF-a), which appear to be responsible for synaptic altera-
tions and altered enzymatic processes capable of leading to
cell death [36-38]. Chouhan and colleagues [39] confirmed
that a sustained innate immune activation and altered expres-
sion of genes linked to synaptic plasticity may contribute to
the onset or progression or both of neurodegeneration [39].

In about 5% of patients with severe disease a systemic
dysregulated cytokine response develops, described as a pos-
sible causal connection between the severe systemic inflam-
matory reaction (cytokine storm) in COVID-19 and neuro-
degeneration. The pro-inflammatory cytokines involved in
COVID-19 pathogenesis are reportedly the same [40]. Rau
et al. [41] described the correlation between interleukin-6
(IL-6), a marker indicating the COVID-19-related inflamma-
tory response, and cerebral white matter changes in COVID-
19 patients [41]. The massive systemic pro-inflammatory
cytokine release, associated with hypoxia status, may dam-
age the blood—brain barrier, leading o inflammatory spread
in the central nervous system [36, 38, 42]. A similar enzy-
matic pathway influenced by pro-inflammatory cytokines
involves amyloid metabolism, possibly influenced by the
cytokine release syndrome, leading to the development of
amyloid plaques [36, 38], a key element in Alzheimer’s neu-
rodegeneration [43]. Our study has some limitations, few
data on patients’ antecedents were available and to date it is
not possible to fully exclude the absence of cognitive impair-
ment or brain hypometabolism before COVID-19 infection.
To confirm our findings studies with larger sample sizes and
follow-up over 12 months are needed.

Conclusion

Our results suggest that, in addition to cognitive changes,
SarsCov-2 infection can also induce abnormalities in brain
metabolism and possibly amyloid deposition that persists
one year after infection.

Neurological sequelae, including the cognitive impair-
ment leading to Alzheimer’s disease might in the future be a
major feature complicating COVID-19. Further studies need
to explain the pathophysiological mechanisms underlying the
long-term neurological consequences of SarsCov-2 infection
and its possible correlation with amyloid-related cognitive
impairment. From a practical viewpoint, physicians should

@ Springer
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Fig.4 '8F-amyloid PET/CT in sagittal and coronal views and PET-
only scan in axial views. The slices show increased saturation and
abnormal uptake in the superior and middle frontal cortex. pathogno-
monic of AP plaque deposition. '8F-amyloid PET/CT and PET-only
scan in sagittal views. The slice shows intensity of the uptakes in the

always keep a COVID-19 history in mind when "*F-FDG-
PET detects focal brain hypometabolism or PET/CT dis-
closes otherwise unexplained amyloid deposition.
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